ABSTRACT To identify factors affecting the spatial dynamics of Trichoplusia ni (Hubner) on cabbage, the movements of individual larvae were monitored. Larvae were marked with 3.2p and released individually, one per plant, on cabbage plants in research plots. Their movements were monitored by recording their position on the plant daily, locating them with a Geiger counter. In the same plots, hourly measurements of temperature and relative humidity were recorded in three different parts of the crop canopy. Transition probabilities for the larvae from and to each of five vertical plant strata were modeled as definite integrals of the Beta probability density function (pdf). The shape parameters for these Beta pdf's were modeled as a function of microclimate, and the necessary parameters to do so were estimated by the method of maximum likelihood. This model predicted the data well and was more efficient than logistic regression. The model predicts that under high temperatures and low vapor pressure deficit (vpd), larvae move down to the shaded, cooler, lower parts of the plant; whereas under low temperatures and high vpd, they moved upward toward the economically important wrapper leaves and cabbage heads.
1968) suggest that late instars of T. ni move from the frame leaves, where the majority of the eggs are laid, to the head and wrapper leaves (adjacent to the head) and feed there. Only the head and four surrounding wrapper leaves are harvested, and damage on these leaves directly affects marketability (Anonymous 1945). However, Hoy & Shelton (1987) showed that late instars of T. ni do not prefer to feed on these leaves compared with the frame leaves in a laboratory choice test. Furthermore, the vast majority of T. ni larvae are sometimes found on the lowest leaves on the plant (C.W.H., unpublished data).
Microclimate could affect the distribution of T. ni on cabbage plants in the field. Hoy & Shelton found that, in the laboratory, late instars would move away from a source of radiant heat (C.W.H. & A.M.S., unpublished data). This response was affected by body size and ambient humidity; lower humidity and larger larval body size resulted in moving farther from the source of heat. Casey (1976) found that diurnal movements of two species of desert caterpillars on their host plants resulted in the maintenance of a temperature balance, and other insects have been shown to exhibit behaviors that result in a temperature balance (May 1979) or water balance (Cloudsley-Thompson 1962 , 1975 .
We hypothesize that microclimate in the cabbage crop canopy affects the movement of late 0046-225xj89j0187-0194$02.00jO ENVIRONMENT AL ENTOMOLOGY Vol. 18, no. 2 instars of T. ni on the plant. If true, the effect of microclimate on movement patterns of larvae within the crop canopy could determine the potential for damage to the economically important parts of the plant. The purpose of this paper is to describe how we tested this hypothesis (by testing the relationship of transition probabilities for larvae on the plant to microclimate) and how the same model used for the test can be used to predict the frequency of insect (or other biotic agent) movement as a function of environmental or other conditions.
Materials and Methods
Movements of individual T. ni larvae on cabbage plants in research plots were recorded by censusing their position on the plants daily. Larvae under observation were labeled with 32p by the following procedure. Second or third instars were fed disks (2 mm diameter) of broccoli leaf placed on a 1-~1 droplet of aqueous solution containing about 0.25~Ci of 32p as orthophosphate in HClfree solution. The larvae were held in plastic well plates for 24 h or until the leaf disks had been consumed, then were fed additional broccoli leaf and held for an additional 48 h before being released in research plots. Approximately 50% of the 32p consumed was incorporated into the body of each larva, enough to label the larvae for the duration of the experiment.
One larva was released on every other plant within a row, and equal numbers were systematically released on each of five vertical strata and in each cardinal direction. The five vertical strata were defined as: (1) head, (2) wrapper leaves (the four loose leaves next to the head), (3) upper frame leaves (the four leaves below the wrapper leaves), (4) mid frame leaves (the four to six leaves below the upper frame leaves), and (5) lower frame leaves (all leaves below the mid frame leaves). The release strategy was to place a labeled larva on the north side of the cabbage head on the second plant in a row, another on a wrapper leaf on the east side of the fourth plant in the row, another on an upper frame leaf on the south side of the sixth plant in the row, etc.
Monitoring movements throughout a 24-h period indicated that fewest movements occurred during late afternoon and evening and that most larvae were feeding during this time. The daily census of larval positions on the plant was done during this time by systematically searching the plant with a Geiger-Muller tube to detect the location of the labeled larvae. when the location of the larva was identified and checked visually, exercising care not to disturb the larva, its position on the plant was recorded. Although movements between plants occurred, they were not of interest for the present study. If an interplant movement was accompanied by a change in stratum, however, this was recorded as an interstratum movement.
The data thus collected were the numbers of larvae not moving and moving from each stratum to each of the other strata each day.
Larvae that pupated or died were returned to the laboratory for disposal, and these were replaced with freshly labeled larvae periodically. Between 10 and 96 larvae were monitored daily from 13 August until 23 October 1986, with three interruptions of less than 5 d each. Observations taken within 2 d of pupation or of death were not used in the analysis. The cabbage varieties used were cv. King Cole for August and early September monitoring and cv. Bartolo for mid-September and later. Plant spacings were 0.9 m between the rows and 0.46 m between plants within rows. Plots were maintained according to commercial practice and sprayed with methomyl (E. I. du Pont de Nemours & Company, Wilmington, Del.) (in the early growth stages only) to prevent defoliation by other Lepidoptera. Monitoring was conducted when plants were in the late head fill growth stage (stage 8, Andaloro et al. 1983) .
While these movements were being monitored, temperature and relative humidity were being monitored in three different parts of the crop canopy and recorded. Thermistor temperature probes (Campbell Scientific, Inc., Logan, Utah) and metallic capacitive relative humidity probes (Thunder Scientific Corp., Albuquerque, N. Mex.) were connected to a weather data-logger (Campbell Scientific, Inc.), which recorded average hourly temperature and a sample of relative humidity at the end of each hour. Temperature and relative humidity probes were placed at the base of the head between the lower surface of the outermost head leaf and the upper surface of the adjacent wrapper leaf, underneath the upper frame leaves, and underneath the lowest frame leaves. These placements were designed to measure air temperature and humidity just above the leaf surface. Vapor pressure deficit (vpd) in these strata was estimated from relative humidity and temperature by (Rosenberg et al. 1983 ). Temperatures and vpd for the wrapper and mid frame leaves were estimated from measurements taken in the two adjacent strata by linear interpolation. Movements were observed over a wide range of environmental conditions during the 71 d, although occasional equipment malfunctions prevented us from obtaining microclimate measurements for all of the movement data. The objective was to estimate transition probabilities (i.e., the probability of moving from one stratum to the same or another stratum in 1 d) as where P'Jkis the probability of moving from stratum i to stratum j on day k, and n'Jkis the number of larvae observed to have moved from stratum i to stratum j on day k. The stratum indicators, i and j, take integer values from 1 to 5 corresponding to the head, wrapper leaves, upper frame, midframe, and lower frame leaves respectively. The individual transition probabilities are modeled as:
where temp,. is the standardized average temperature estimated for stratum i on day k; and vpd,. is the standardized average vpd estimated for stratum i on day k. Average temperature and vpd were standardized by subtracting the mean and dividing by the standard deviation of all daily averages measured, to condition better the likelihood function for parameter estimation.
We compared the full and reduced models given by Equation 6 through 9 using generalized likelihood ratio tests. If environmental conditions do not correlate well with transition probabilities, we expect these tests to show that the full models (given by Equations 6 through 8) are not necessary; hence, the most reduced model (that including a constant and no measurements of environmental conditions) would be sufficient.
To assess the ability of the model to predict frequency of movement by T. ni larvae, we evaluated standardized cell residuals given by (observed no. movements -predicted no. movements) Vpredicted as described by Bishop et a!. (1975) . These residuals approximate a standard normal distribution. If the approximation is adequate, most .I the residuals should be within the range of -2 to~because most of the standard normal distribution falls within this parameters corresponding with large changes in movement patterns).
The likelihood function was obtained by substituting the right side of Equations 4 and 5 for a'k and b'k> respectively, in Equation 3, using the measurements of microclimate conditions in the research plot canopy for the X'k, then substituting the right side of Equations 3 for P'J' and the data on larval movements for the n ..• in Equation 2. The total number of larval movements used in the analysis (~) was 1,186. The c, and d, were then estk mated by the method of maximum likelihood; a computer program (GAUSS, Aptech Systems, Inc., Kent, Wash.) was used to minimize minus the log of Equation 2 over the values of the elements in c, and d,. Maximum likelihood estimation yields the most likely values for the parameters, given the form of the model chosen and the data collected. Several alternate forms if the x,. vector were considered, including:
a definite integral of the Beta pdf with parameters a,. and b'k (here B(a, b) represents the beta function). The Beta pdf was chosen for its range (0 to 1) which allows convenient limits bf integration (a simple function of j) and for its very flexible shape. Probabilities of moving from any stratum i to any stratum j may be high in some conditions; whereas in other conditions, the same probability may be low. The shapes that the Beta pdf can assume are varied enough for these different cases to be possible under the model described above. These shapes are not unlimited, however, so some structure is forced on the probabilities (we return to this point in the ensuing discussion). We hypothesize that movements of the larvae depend on environmental conditions, suggesting that the shape parameters for the Beta pdf should change with changing conditions. The shape parameters are modeled as functions of environmental conditions according to: a function of these environmental conditions. We modeled the individual transition probabilities as definite integrals of the Beta probability density function (pdf), the shape parameters of which are a function of the stratum from which the larvae are moving and the environmental conditions. Assuming that all of the observed movements were independent events leads to the following likelihood function for all observed movements: where x,. is a vector of measurements of environmental conditions and c, and d, are the corresponding parameter vectors that are to be estimated. The exponential function in Equations 4 and 5 was chosen for two reasons. First, it results in parameter estimates greater than zero, and the Beta shape parameters must be greater than or equal to zero. Second, by speculating about the shape changes in the Beta pdf that might be necessary to fit this model, we concluded that, for some strata, large changes in the values of parameters maybe necessary over a narrow range of environmental conditions (e.g., little change in the shape parameters as temperature increases until it rises above a threshold, and then sudden large changes in shape Vol. 18, no. 2 (13) range, so the range of -2 to 2 provides the criterion for evaluating fit of the model. Residuals were generated from the observations used in parameter estimation and predictions of these observations given by the model. Environmental conditions for these predictions were given by hourly temperature measurements taken in the crop canopy, and for comparison, by the daily average temperature measurements taken at a weather station about 3 km from the research plots.
An important question when constructing a model that will be used for prediction is how well it will work in conditions different from those under which the model was parameterized. To address this, we observed movement of late instars of T. ni on the spring cabbage crop at the University of Florida's Gulf Coast Agricultural Research and Education Center in Bradenton, Fla. The differences between these conditions and those encountered in Geneva, N.Y., were as follows: the plants were at an earlier growth stage, with the heads just beginning to form (stages 6-7, Andaloro et al. 1983) ; the average temperatures in these plots were just above the upper limits of the temperatures encountered in Geneva; and the cabbage in Bradenton was grown in sandy soil which was ridged and covered with black plastic mulch (as opposed to uncovered clay-loam soil with very little ridging in Geneva). Larvae used in these experiments were from the same culture as those used in the Geneva experiments and were released in the plots in the first instar. On any given plant, approximately 10 larvae were released on the same stratum, and an equal number of releases were made on each of the strata by releasing larvae on different plants. The larvae were not labeled in any way, and no attempt was made to confine the larvae on anyone stratum until they reached the late instars. The release strategy in this case was designed to result in different intra plant distributions of larvae on the different plants at the start of the experiment.
In these plots, we observed net movement by counting the number of larvae on each of the five vertical strata on 20-30 plants in the late afternoon of one day, then repeating the sample on the same plants 24 h later. At the same time, temperature within the crop canopy was measured by the same equipment and methods used in the Geneva plots. In this case, the probability of a given larva being found on stratum j, plant r, is nS'
where n., is the number of larvae on stratum i and plant r in the first sample, n, is the total number n of larvae on plant r in the first sample, the -!! are ., n, the probabilitms of finding a given larva on stratum i and plant r in the first sample, and PH is the probability of a larva from stratum i in the first sample being found on stratum j during the second sample. This leads to the following likelihood function:
where u" is the number of larvae on plant rand stratum i on day 1, n, is the total number of larvae on plant r on day 1, and m i , is the number of larvae on plant r and stratum j 24 h later. As in Equation  3 , the Pli are modeled as definite integrals of the Beta pdf but with exponentiated shape parameters to force the values of these parameters to be greater than zero,
where a*, and b*, are the parameters estimated by maximizing Equation 12 over their values. The total number of larvae observed (~n,) for each estimation ranged from 107 to 246.' Note that we are only estimating shape parameters for a single day with Equarions 12 and 13. These shape parameters were compared with those predicted for the temperature conditions in Bradenton by the model parameterized in Geneva.
Results and Discussion
Values estimated for the c, and d" the coefficients for environmental variables as described in Equations 4 and 5, are given in Table 1 . Estimated coefficients for temperature and vpd were not zero, and likelihood ratio tests showed that these measurements of microclimate conditions significantly increased the values of the likelihood functions, indicating that they should be included in the model. Likelihood ratio tests also showed that, for most strata, the models containing a constant and the combination of temperature and vpd had significantly greater maximized likelihoods than models containing either vpd or temperature and a constant. While nonnested models cannot be compared by the likelihood ratio test, the maximized likelihood for models containing vpd and a constant were usually considerably higher than those for models containing temperature and a constant. For one stratum (the wrapper leaves), the model with temperature alone had a higher value of the maximized likelihood than the model containing vpd alone, but for two other strata (the head and upper frame leaves), the increase in the value of the likelihood function for the model including temperature and a constant over that for the model containing only a constant was not significant (P > 0.25). However, if this model were used for predicting frequency of larval movement, consideration would have to be given to the relative diffi- • The null hypothesis that the coefficient(s) for temperature or vapor pressure deficit or both are zero can be rejected at: **, P :s 0.01; *. P :s 0.05; ns, cannot reject at P :s 0.05. culty of measuring or predicting vpd as compared with temperature in selecting between the candidate models. Because temperature predictions are so much more readily available than predictions of vpd, we evaluated the predictive ability of the model using temperature alone.
Most of the standardized cell residuals were between -2 and 2 for predictions based on temperatures measured in research plots as well as those based on temperature measurements from a nearby weather data recording station. Occasional cases where the magnitude of deviations was greater than 2 occurred when the predicted probability of movement was very small, or when the total observed number of larvae on a given stratum was small, resulting in a very small (often fractional) number of larvae predicted to move. When the number of larvae predicted to move was a small fraction, and when only one larva was observed to move, the resulting deviation was large. However, Bishop et al. (1975) warn that these cases are the most difficult to interpret according to the asymptotic theory behind the technique. The important result is that the model predicts the data well. If we were able to include good predictions of vpd, the fit would improve. Fig. 1 gives the estimated relationship of the Beta pdf shape parameters to temperature, and Fig. 2 shows examples of the Beta pdf's predicted for two different temperatures. The exponential functions (Equations 4 and 5) used to model the Beta pdf shape parameters as functions of microclimate were quite flexible, giving relationships of the para meters to temperature that ranged from almost linear to very nonlinear (Fig. 1) . Fig. 2 demonstrates the flexibility in shapes that the Beta pdf can assume for different strata and different environmental conditions, making it a useful modeling tool in this analysis. The effects of these different shapes in the distributions in Fig. 2 on predicted transition probabilities are evident in the different areas under the curves between 0 and 0.2, 0.2 and 0.4, etc.
The results provide useful insight into the spatial dynamics of T. ni larvae on cabbage plants. The transition probabilities for high temperatures and vapor pressure deficits indicate that movement tends to be downward toward the relatively shaded and cool environment in the lower frame leaves; at low temperatures and vapor pressure deficits, movement tends to be upward toward the relatively sunny and warm environment at the top of the plant (Fig. 2) . These behaviors would result in maintenance of a more narrow range of body temperature and a water balance; in turn, the likelihood of feeding damage on the marketable parts of the plant seem to be affected by these behaviors.
The model used in this analysis represents a new method of estimating transition probabilities as a function of other variables. It forces a structure, imposed by the shapes the Beta pdf can assume, on the transition probabilities. This structure is quite useful for the data we collected because it was present in the data: The highest proportion of larvae did not move, the next highest proportion moved one stratum, and the proportion of larvae moving two or more strata was almost always quite Vol. 18, no. 2 small. An alternative method would have been to estimate each transition probability individually as a function of environmental conditions using logistic regression. To estimate an entire n x n (in our case 5 x 5) matrix using logistic regression would require at least 2n 2 -2n parameters (in our case 40, estimate a constant and linear coefficient of one measure of environmental conditions for the first four probabilities in each column, and obtain the last element in each column by subtraction because the column must sum to one). Using the model described here, we obtained the entire matrix estimating only 4n (in our case 20) parameters. The advantage should be more precision in estimating each parameter because each is estimated with more data. This advantage becomes particularly important if we increase spatial resolution or scale. For example, if we require a 10 x 10 matrix, we must estimate at least 180 parameters to obtain the entire matrix as a function of environmental conditions using logistic regression. Using the model described herein, we would have to estimate only 40.
In Fig. 3 , the Beta pdf's predicted by the model parameterized in Geneva are compared with Beta pdf's estimated from data collected in Bradenton. The probabilities of movement appear to be different for the two locations at 23"C; larvae in Bradenton had a greater probability of moving upward from the lower strata on the plant. The conditions under which the Florida cabbage was grown could explain this difference in behavior between Bradenton and Geneva. The black plastic at the base of the plants in Bradenton absorbs more heat than moist bare soil, typical of the plots in Geneva. This results in a different microclimate in the canopy in Bradenton than in Geneva; i.e., higher temperatures and probably lower vpd at the base of the plant. The response of larvae in Geneva was to move away from high temperatures and low vpd, and the larvae in Bradenton seem to respond the same way to the higher temperatures near the black plastic mulch. Because the model assumes a certain consistent relationship of temperature in one part of the canopy to each of the other parts, the predictions made on the basis of that relationship in Geneva are not valid in Bradenton, where the relationship is different. These results suggest that the model would have to be reparameterized wherever the canopy microclimate profile is different. Canopy microclimate profile, however, may remain similar throughout a region; e.g., the canopy profile in Geneva should be typical for most of the northern United States and Canada. Other conditions that interact with temperature and vpd in the crop canopy (e.g., wind, solar radiation), and possibly differences in behavior of T. ni biotypes, also could affect transition probabilities and the parameter estimates obtained for the model. This model can be used for predicting frequency of insect movement as a function of predicted environmental conditions in a simulation model. If Temperature (0C) Fig. 1 . Shape parameters fOTBeta probability density functions used to model (see text) transition probabilities for T. ni on cabbage plants as a function of microclimate.
combined with submodels of development and foliage consumption, we can predict if and when feeding damage will occur on the marketable parts of the cabbage plant. Currently, we are constructing and validating this simulation model for use in Vol. 18, no. 2 lenge. The model described herein can help meet that challenge in a way that is mathematically sophisticated yet is intuitively appealing and graphically easy to understand. It is potentially useful in many other analyses concerning population spatial dynamics in biology and ecology. cabbage pest management and to further our understanding of the spatial dynamics and population ecology of the larval stages of this species.
Understanding and predicting the spatial dynamics of insects is a difficult and important chal-.//7-X/ I_~.y 00 02 0.4 0.6 08 1.0 Fig. 3 . Comparison of Beta probability density function predicted from a model parameterized in Geneva, N.Y., for an average temperature of 23'C (solid line) with Beta probability density functions estimated from data collected on two different days in Bradenton, Fla., at an average temperature of 230C (dashed lines). On both days, so few larvae were found on the head that transition probabilities from this stratum could not be estimated.
